ABSTRACT Many jamming methods have been proposed against three-channel synthetic aperture radar (SAR) ground moving target indication based on the stationary jammer. To generate a verisimilar moving target based on a moving jammer, the scattered wave deception jamming method is proposed against displaced phase center antenna (DPCA) process. The jammer is set at an unmanned aerial vehicle and moves with the protected moving targets. By comparing the slant history range of the echo with that of the jamming signal, the position of the jammer beam footprint and the velocity of the moving jammer are calculated based on the analysis of the range, azimuth, Doppler rate mismatch, and the altitude distortion after DPCA processing. The intercepted SAR signal is retransmitted to the calculated area covered by the jamming beam footprint based on the specific velocity of the jammer. Thus, after DPCA processing, the jamming result is similar to the real moving target. This method reduces the algorithm complexity and avoids the signal jamming modulation compared to traditional methods. The effectiveness and correctness of the algorithm are verified by simulations.
I. INTRODUCTION
Synthetic aperture radar (SAR) can be used for all-time, all-weather and high resolution imaging [1] - [3] . Hence, it can acquire information in sensitive areas. Ground moving target indication (GMTI) plays an important role in extracting moving targets from synthetic aperture radar (SAR) images [4] - [6] . Displaced phase center antenna (DPCA), which is a type of three channel SAR GMTI, has been widely utilized because of its ease of use and has become an important research topic in the field of electronic countermeasures [7] - [9] . Hence, to prevent information acquisition for moving targets, many jamming methods have been developed.
In general, jamming methods can be classified into directpath and multi-path jamming based on different jamming paths. Direct-path jamming mainly includes strong noise-like and deception jamming. Strong noise-like jamming is used to prevent proper imaging. Therefore, a moving target cannot be abstracted by the DPCA process. However, the jamming will be weakened in a part of a DPCA image while the high jamming power is required [10] . A deception jamming signal can generate the false target and scene [11] - [13] . However, the computational burden of the jammer is increased by a complex false target of scene template, and the jammer beam is required to point at the radar sensor. In addition, scattered wave jamming, also known as rebound jamming, is one type of multi-path jamming. The intercepted SAR signal is retransmitted to an area and scattered by the scatterers of the ground to form the jamming signal. The scattered wave jamming aims to illuminate an area as large as possible by utilizing the wide beam antenna, and the realistic scene which covers the protected area is formed [14] . However, the conventional scattered wave jamming method which generates the highly realistic scene is proposed against SAR instead of three channel SAR GMTI. DPCA process, which is a type of three channel SAR GMTI, is able to detect the moving targets from the SAR images, and the detection result only contains the moving targets instead of a scene. Therefore, instead of the false scene, the false moving targets should be generated by utilizing the narrow beam antenna against SAR GMTI [9] . However, the scattered wave jamming in DPCA image will be suppressed or cancelled near the jammer in azimuth. Huang et al. [15] proposed a scattered wave jamming signal modulated with a random time delay to generate noise-like jamming which cannot be cancelled in the whole DPCA image. Nevertheless, the high jamming power is also required in this method. In addition, most of jamming methods are based on a stationary jammer. Thus, the distance between the jammer and the protected area is limited, and the flexibility of the stationary jammer is less than that of moving one. Specifically, unmanned aerial vehicle (UAV) can move with the protected moving targets.
In this paper, a method of scattered wave deception jamming based on a moving jammer is proposed by utilizing the narrow beam antenna. The jammer is set at a UAV and illuminates the calculated area. During the transmission of the intercepted SAR signal, the jammer antenna projects a beam onto an area of the ground referred to as the jammer beam 'footprint'. Because the moving jammer uses the narrow beam antenna in the proposed jamming method, the area illuminated by the moving jammer is smaller than the area illuminated by the conventional scattered wave stationary jammer, and the false target instead of the false scene is formed in DPCA image. By selecting the calculated position of the jamming footprint and the jammer velocity, the jamming signal is scattered by the scatterers and appears in the SAR and DPCA image as a real moving target to confuse the radar system, mislead the decision-making and achieve well jamming effect. This paper is organized as follows. In Section II, the jamming method is explained in detail and the slant history range of the jamming signal and moving target echo are given. In Section III, four parameters, including the range, azimuth, Doppler rate, and the amplitude after DPCA processing, of the verisimilar moving target and real target are analyzed in detail. Then, to make false target similar to the real target, the jammer velocity and position of the jamming footprint are selected to make parameters similar. In addition, the process of selecting the footprint position and the jammer velocity is summarized. Section IV shows the simulation results of the algorithm proposed in this paper. Section V concludes this paper.
II. GEOMETRY OF SCATTERED WAVE DECEPTION JAMMING
As illustrated in Fig. 1 , SAR GMTI works at board-side mode. The platform of SAR GMTI moves at a constant velocity v along a sensor path that is set parallel to the x-axis at altitude H . The x-axis is the azimuth aligned with the radar velocity vector, the y-axis is the ground range direction, and the z-axis is perpendicular to the ground.
The three antennae are denoted by the points A 1 , A 2 , and echo is received by antennae A q , where q = 1 and 3. The position of the moving target is denoted by the point P, and the associated coordinate is (x P + v x t m , y P + v y t m , 0). The jammer moves at a certain velocity, and it is denoted by the point J (x J + v x t m , y J + v y t m , h). The jammer amplifies and transmits the intercepted SAR signal to the area covered by the jammer beam footprint, and its center is denoted by the point I (x I , y I , 0). The signal scattered by the scatterers covered by point I can be imaged as the false target F. After controlling the velocity of the jammer and the ground range position of point I , the Doppler rate and position of the false target F are similar to those of the moving target P in SAR and DPCA images. By making x I ≈ x P , the amplitude of the false target F is similar to that of moving target P in the DPCA image. Therefore, the false target F is generated as the real one P.
The linear frequency modulation (LFM) signal is used in the SAR GMTI system and can be denoted as follows.
where t r is the fast time, f 0 is the radar center frequency, γ is
is the pulse envelope of the signal, and T r is the pulse duration. A function like |PA 1 | is defined as the distance between P and A 1 and used to explain the different paths. The range history of moving target P for antenna A 1 and A 3 can be summarized as follows.
where q = 1 and 3. The baseband echo of moving target P for antennae A 1 and A 3 can be expressed as follows.
where λ is the wavelength of the LFM signal, σ P is the scattering cross section of the moving target P, a az
is the azimuth envelope, x p is the azimuth VOLUME 6, 2018
position of moving target P in the SAR image, and T a is the target exposure time. The range history of the false target F for antennae A 1 and A 3 can be expressed as follows.
The baseband jamming signal from the center of the jammer beam footprint I for antennae A 1 and A 3 can be expressed as follows.
where x F is the azimuth position of false target F in the SAR image, and σ F = G J σ I , where G J is the gain factor of the jammer, and σ I is the scattering cross section of the scatterers covered by the jammer beam footprint. To generate the false moving target, the jamming result should be similar to the imaging result of moving target P.
III. ANALYSIS OF THE JAMMING EFFECT
In this section, the selection of the velocity of the jammer and the position of the jammer beam footprint is discussed in detail.
A. RANGE POSITION
The range position where false target F is imaged is determined by its range history |F 3 | at t m = 0 [15] . Thus, its range position is R F = F 3 | t m =0 /2, and the baseband echo delay is t F = 2R F /c. Correspondingly, the range position of moving target P is R P = P 3 | t m =0 /2, and the delay of its baseband echo is t P = 2R P /c. Considering that both false target F and moving target P should have the same range position in an image, the range position of false target F should be made approximately equal to that of moving target P by controlling the range position of the jammer beam footprint,i.e., R F = R P .
B. AZIMUTH POSITION
The Doppler frequency at t m = 0 determines the azimuth position of false target F in the SAR image [15] . Thus, the azimuth position of false target F is as follows.
where R 1 is |A 2 I| at t m = 0. Correspondingly, the azimuth position of moving target P is as follows.
where R 2 is |A 2 P| at t m = 0. According to (6) and (7), the velocity of the jammer, v x and v y , is controlled to make the azimuth position of false target F similar to that of moving target P in the image, i.e., x F = x P .
C. DOPPLER RATE
The range history of the second-order term leads to the mismatch of the Doppler rate and azimuth defocusing [15] , [16] . The Doppler rate expression of false target F is as follows.
Correspondingly, the Doppler rate expression of moving target P is as follows.
According to (8) and (9), by controlling the velocity of the jammer, v x and v y , the Doppler rate of false target F should be adjusted to a value close to that of moving target P in azimuth, i.e., K F = K P .
D. DPCA PROCESS
Then the |A 2 J|, |JI|, |IA 1 | and |IA 3 | are described by utilizing Taylor's formula at t m = 0, 0, D/v, and −D/v, respectively, which can be expressed as follows.
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where
The range history of the false target F for antennae A 1 is as follows.
As shown in the DPCA process in Fig. 2 [6] , the range history of the false moving target F is
Because the velocity of moving target on the ground is usually slower than the velocity of SAR GMTI, the following approximation holds: v x v and v y v. Because D R 1 , D R 3 , and D R 4 in the irrelevances which do not contain the azimuth position of the jammer beam footprint x I and the azimuth position of the false moving target x F , the range history of the false moving target F is changed as follows.
Because both the jammer and the jammer beam footprint are usually located near the imaging area, the following approximation holds: R 1 ≈ R 4 . After SAR processing, ignoring the same phase between the SAR images, S 1 and S 3 , the SAR image of false target F can be described according to (5) as follows.
The DPCA image of the false target F is as follows.
Then the |A 2 P|, |PA 1 | and |PA 3 | are described by utilizing Taylor's formula at t m = 0, D/v, and D/v, respectively, which can be expressed as follows.
where R 2 = x 2 P + y 2 P + H 2 . Because the velocity of the moving target on the ground is usually slower than the velocity of SAR GMTI, the following approximation holds: v x v and v y v. Then, the range history of moving target P for antenna A 1 and A 3 can be described as follows.
As shown in the DPCA process [6] , the range history of moving target P is changed as follows.
After SAR processing, ignoring the same phase between the SAR images, i.e., S 1 and S 3 , and considering that the jammer beam footprint is usually located near the initial position of the real moving target, i.e., R 1 ≈ R 2 , the SAR images of false target P can be described according to (3) as follows.
where B a is the Doppler bandwidth. The DPCA image of the moving target P can be expressed as follows.
According to (23) and (34), considering that the false target F and real target P should have the similar amplitudes, their initial azimuth positions should be approximately equal, i.e., x I = x P .
E. JAMMING PARAMETER ACQUISITION MODEL
As shown in the jamming geometry, there are seven parameters, including the position of the jammer beam footprint x I and y I , the velocity of the jammer v x and v y , the initial position of jammer x J and y J , and the height of the jammer h, which can be controlled by the jammer. The number of controllable parameters is reduced to form jamming signal in time while the initial position of jammer do not need to be adjusted. So the four parameters controlled by the moving jammer contain the position of the jammer beam footprint x I and y I , and the velocity of the jammer v x and v y .The process of generating a false moving target can be summarized as follows.
Step 1: According to (23) and (34), the azimuth position of the jammer beam footprint should be controlled to equal that of moving target P, i.e., x I = x P .
Step 2: According to the analysis in Section III-A, the range position of the footprint, y I , should be calculated to make the range position of the false target F similar to that of the moving target P in images.
Step 3: According to the analysis in Sections III-B and Sections III-C, the velocity of the jammer, v x and v y , should be determined to make the Doppler rate and azimuth position of the false target F similar to those of moving target P in images, i.e., K F = K P and x F = x P .
Thus, the false target F is generated as the real target P.
IV. ANALYSIS OF THE JAMMING EFFECT
The primary parameters of the SAR GMTI system are listed in . Then, the real moving target, which is similar to the false target, is generated for contrast analysis. The imaging result of the real target and that of the false target are shown in Fig. 3(a) and Fig. 3(b) and both of them are well imaged in the DPCA image. The corresponding azimuth sectional plots are presented in Fig. 4(a) and Fig. 4(b) for analysis. In addition, the SAR imaging quality parameters, including the range and azimuth position, the impulse response width (IRW), and the peak sidelobe ratio (PSLR), are used to evaluate the quality of the jamming result and the results are listed in TABLE 2 [17] . As shown in TABLE 2, the parameters of the real moving target and the false target are nearly the same. Therefore, the deception jamming algorithm can generate a false moving target that is similar to a real target.
B. SCATTERED WAVE DECEPTION JAMMING SIMULATION
In this section, the imaging results of the scattered wave jamming method and those of the proposed jamming method are simulated and illustrated for comparison. For the six strong scatterers and a protected moving target in the SAR image, the jammer retransmits the intercepted shown in Fig. 7 . The six false moving targets are generated in DPCA image, and they can confuse and mislead radar. Therefore, the proposed jamming method provides effective protection and achieves superior performance compared with the scattered wave jamming method. 
C. INFLUENCE OF DETECTION ERRORS ON JAMMING EFFECT
The parameters used by the proposed algorithm include the height of SAR GMTI, the distance between jammer and SAR GMTI, the distance between jammer and the jammer beam footprint, the distance between the jammer beam footprint and SAR GMTI, the velocity of SAR GMTI and the radar center frequency. The radar center frequency is measured in the frequency domain. The jamming geometry need to be established, which is shown in Fig.8 . The platform of SAR GMTI moves at a constant velocity v along a sensor path that is set parallel to the x-axis at altitude H . The x-axis is the azimuth direction aligned with the radar velocity vector; the y-axis is the ground range direction; the z-axis is perpendicular to the ground. The jamming geometry is established by acquiring the parameters of the azimuth angle θ a , the vertical angle θ v and the distance between SAR GMTI and jammer R. The jammer, which can detect the SAR GMTI position, is set as UAV. Then, the coordinate of jammer is (0, R cos θ a cos θ v , h), and the coordinate of the moving target, which is assumed to generate the false target, is ( x, R cos θ a cos θ v − y, 0).
The height of SAR GMTI is
The distance between jammer and SAR GMTI in the ground range direction is
The velocity of SAR GMTI is detected by utilizing the distance between different azimuth positions, and time between different measurements. Because the detection error of the parameters of SAR GMTI is inevitable, the variances of the detection errors are provided as follows. The detection error variance of the angle measurement is given in angle by [18] 
where θ 3dB is the 3-dB of beam width, n is the number of pulses received during observation time, S/N is the signal to noise radar (SNR), and S/N is assumed as 13.2 dB, where detection probability P d is 0.9 and false-alarm probability P fa is 10 −6 . The detection error variance of distance is given in time by [18] σ t = τ 3dB
1.61
where τ 3dB is the 3-dB width of signal in time. Because of the detection errors of SAR GMTI parameters, the jamming geometry established by jammer remains an error, and the parameters controlled by the jammer also have errors.
In order to evaluate the influence of these errors on jamming effect, the number of simulation experiments is 1000 by using Monte Carlo method. The parameters of the jammer which detects the position of SAR GMTI are listed in TABLE 3. The process of the simulation experiment is provided as follows.
Step 1: The errors of the detection parameters, including azimuth angle, vertical angle and the distance between SAR GMTI and jammer, are acquired by considering the detection error variances.
Step 2: The parameters controlled by the jammer are acquired by utilizing the jamming parameter acquisition model in Section III-E, and the jamming signal is generated with SNR 13.2 dB.
Step 3: After SAR and DPCA processing, range position, azimuth position, IRW, and PSLR are acquired.
Step 4: After 1000 simulation experiments, the mean of azimuth position, that of range position, that of IRW, and that of PSLR are acquired.
The means of imaging quality parameters, including the range position, azimuth position, IRW, and PSLR, are used to evaluate the quality of the jamming result and are listed in TABLE 4. The range and azimuth position errors for the real moving target and the false moving target are less than half a resolution cell, where azimuth and range resolution are 0.9 m and 0.68 m, respectively, according to the parameters of SAR GMTI. The distortion caused by the proposed algorithm and the detection error is too slight to notice. The IRW and PSLR errors are also too small, which means the proposed jamming algorithm is able to generate the false moving targets as the real moving target. So the errors are too slight to notice in TABLE 4, which verifies the effectiveness of the proposed algorithm under the high measurement accuracy.
V. CONCLUSION
In this paper, a novel scattered wave deception jamming method is proposed against DPCA process. The jammer is set at a UAV and moves with the protected moving targets. The intercepted SAR jamming signal is retransmitted to the strong scatterers or stationary targets by utilizing the narrow beam antenna. To generate a verisimilar moving target as a real target, the position of the jammer beam footprint and the velocity of the jammer are selected and calculated by analyzing the distortion of signal parameters, such as range position, azimuth position, the Doppler rate and amplitude, after DPCA processing. In addition, the process of generating a false moving target is summarized. The SAR imaging quality parameters, including the range and azimuth position, IRW, and PSLR, are used to evaluate the quality of the jamming result, and the effectiveness of the method is verified. The proposed jamming method provides effective protection and achieves superior performance compared with the scattered wave jamming. This conclusion is verified by the simulation results, and we will do real experiments to verify the result further.
